Abstract. Evidence suggests that a combination of oxidative stress, neuroinflammation and the formation of endogenous neurotoxins contribute to the underlying neuronal death associated with neurodegenerative diseases. In this study we have investigated the ability of the berry-derived flavonoids to protect against neuronal damage induced by neuroinflammation and the neurotoxin 5-S-cysteinyl-dopamine. The flavanols (+)-catechin and (-)-epicatechin, but not the anthocyanidin pelargonidin, were observed to attenuate LPS/IFN-␥-induced TNF-␣ production in glial cells and associated neuronal injury. In contrast, pre-treatment of primary cortical neurons with pelargonidin, (+)-catechin and (-)-epicatechin (0.1 and 0.3 M) resulted in concentration-dependant protection against 5-S-cysteinyl-dopamine-induced neurotoxicity. Together these data suggest that berry-derived flavonoids may offer some protection against the neuronal injury relevant to the aetiology of the Parkinson's and Alzheimer's diseases.
Introduction
Abundant evidence exists to suggest that increased oxidative stress may contribute to the neuropathology of agerelated brain disorders such as Alzheimer's and Parkinson's disease [11, 21] . Although the precise mechanisms of neuronal death in these disorders remains uncertain, it is likely that a combination of elevated oxidative stress, the formation endogenous neurotoxic cysteinyl-catecholamine conjugates [26] and neuroinflammation [9] are believed to play a role in the underlying pathogenesis. For example, 5-S-cysteinyl-dopamine (CysDA) has been shown to possess strong neurotoxicity and may initiate a sustained increase in intracellular reactive oxygen species (ROS) in neurons leading to DNA oxidation, caspase-3 activation and delayed neuronal death [28] . Furthermore, glial cells may become activated by various inflammatory stimuli to produce cytokines such as TNF-␣ which contribute to neuronal injury [7] . Deleterious effects of TNF-␣ have been reported [19] , and appear to be mediated by its binding to neuronal tumour necrosis factor receptor-1 (TNFR1) and the subsequent activation of downstream caspase-8 and caspase-3-mediated apoptotic pathways [29] .
Recent studies have focused on the ability of dietary-derived phenolic compounds to protect against neuronal damage resulting from aging and other neurodegenerative processes [18, 32, 38] . Much attention has centred on the potential neuroprotective effects of flavonoids, which have been shown to protect against age-related cognitive decline [12, 39] , against 6-hydroxydopamine neurotoxicity [8] and against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) lesioning of the nigrostriatal tract [16] . For example, the consumption of flavonoid-rich blueberries and strawberries has been shown to reverse age-related cognitive and motor behavioural deficits [12, 27, 35, 39] , whilst green tea and isolated EGCG protect against MPTP induced striatal dopamine depletion and neuronal loss [16] in animal models. Furthermore, flavonoids have also been shown to inhibit inflammatory processes mediated by glial cells [32] , with the flavones wogonin and baicalein [5, 14] , the flavonol quercetin [6] , the isoflavone genistein [37] and the flavanols catechin and epigallocatechin gallate [10, 17] all expressing anti-inflammatory activity.
In the present study, we provide evidence that both 5-S-cysteinyl-dopamine and LPS/IFN-␥-induced TNF-␣ release resulted in concentration-dependent neurotoxicity. However, pre-treating the neuronal cells with the berry-derived flavonoids pelargonidin, (+)-catechin and (-)-epicatechin significantly decreased the injury elicited by these endogenous neurotoxins at low micromolar concentrations. The same results were observed for LPS/IFN-␥-induced TNF-␣ release treated glial cells for the flavanols (+)-catechin and (-)-epicatechin, but not the anthocyanidin pelargonidin.
Materials and methods

Materials
The following chemicals were obtained from Sigma Chemical Company (Poole, UK): (+)-catechin, (-)-epicatechin, bacterial endotoxin LPS (Escherichia Coli, serotype 0127:B8) and mouse interferon-␥ (IFN-␥)). Pelargonidin was purchased from Extrasynthese (Genay, France). The 5-S-CysDA was prepared as previously described [36] . All tissue culture reagents were purchased from Invitrogen (Paisley, UK). Ultrapure water (18.2 M .cm) passed through a purification system (Purite Ltd, Oxon, UK) was used for all purposes.
Cell culture
Neuronal cells: Primary culture of neuronal cells were prepared as described previously [34] . Cells (10 6 /ml) were plated in a serum-free medium composed of a mixture of DMEM and F-12 nutrient (1:1 v/v) supplemented with glucose (33 mM), glutamine (2 mM), sodium bicarbonate (6.5 mM), HEPES (pH 7.4, 5 mM), streptomycin (100 g/ml) and penicillin (100 UI/ml) (all Invitrogen, Paisley, UK). A mixture of hormones and salts composed of insulin (25 g/ml), transferrin (100 g/ml), putrescine (60 g/ml), progesterone (20 nM) and sodium selenate (30 nM) (all from Sigma, Poole, Dorset, UK) was also added to the culture medium. Cells were cultured at 37 • C in a humidified atmosphere of 95% air and 5% CO 2 and after 5-6 days the vast majority of cells were neuronal (>98%) with <2% astrocytes as determined by ␤-tubulin and GFAP immunocytochemistry respectively as reported previously [4] .
Glial cells: Primary culture of glial cells was conducted as described previously [30] . Cells (5 × 10 5 /mL) were cultured in a medium composed of Dulbecco's Modified Eagle Medium and F-12 nutrient (1:1 v/v) supplemented with glucose (33 mmol/L), glutamine (2 mmol/L), sodium bicarbonate (13 mmol/L), HEPES buffer (pH 7.4, 5 mmol/L), streptomycin (100 g/mL), penicillin (100 IU/mL), and 10% heat inactivated FBS (37 • C; 5% CO 2 ). The culture medium was replaced once per week and glial cells were used following 14-16 days in vitro, at which time they consisted of astrocytes (∼90%) and microglia (∼10%). Cell morphology was determined by immunocytochemistry with antibodies against GFAP (astrocytes) and ␤-tubulin (neurons) as reported previously [4] .
Cell treatments
Medium levels of TNF-␣ were determined using a mouse enzyme-linked immunosorbent assay (R&D Systems, Abingdon, UK) following the manufacturer instructions. To investigate the ability of flavonoids to inhibit TNF-␣ release, glial cells were pre-treated with different concentrations of flavonoid (0.1 and 0.3 mol/L) or vehicle (methanol) for 24 h prior to the addition of LPS (1g/mL) and IFN-␥ (10 ng/mL) for 24 h. To avoid chemical interaction between the flavanones and LPS or IFN-␥ cells were washed thoroughly with phosphate buffer saline (PBS) supplemented with glucose (33 mmol/L) prior to their addition. Following exposure to LPS and IFN-␥, the medium was retained for TNF-␣ analysis.
To investigate the protective effects of flavonoids, neurons were pre-treated with (+)-catechin, (-)-epicatechin and pelargonidin (0.1 and 0.3 M) for 18 h prior the addition of CysDA (100 M) for a further 24 h. Following exposure, cultures were washed twice with sterile PBS before the addition of Alamar Blue solution (10% v/v) in DMEM:F12. Plates were then returned to the incubator for 2, 3 hours, before fluorescence was measured (Ex: 540 nm; Em: 612 nm) on a Tecan GENios multiplate reader (Tecan GENios, Theale, UK). Results were expressed as percentage of neuronal injury relative to vehicle treated cells.
Statistical analysis
All results are expressed as means ± SD of three separate experiments unless otherwise stated. The statistical evaluation of the results was performed by one-way analysis of variance (ANOVA) followed by a post-hoc t-test using GraphPad InStat version 3.05 (GraphPad Software, San Diego, CA, USA). Significance was defined as p < 0.05. Significant changes are indicated as follows: ***p < 0.001; **p < 0.01; *p < 0.05 and a = p < 0.001; b = p < 0.01; c = p < 0.05.
Results
Flavonoids protect neurons challenged with 5-S-cysteinyl-dopamine
Pelargonidin and the flavanols (+)-catechin and (-)-epicatechin (0.1-3.0 M) did not induce neuronal injury as assessed by the Alamar blue assay 24 h post exposure (>98% compared to vehicle, 100). Exposure of primary cortical neurons to 5-S-cysteinyl-dopamine (10-500 M) led to concentration-dependent increases in neuronal injury (IC 50 = 100.2 ± 2.1 M) when assessed 24 h after exposure (Fig. 1) . The strongest neuroprotective effect was observed when neurons were pre-treated with pelargonidin (0.1-3 M). Indeed, concentrations ranging from 0.1 to 1 M significantly protected neurons from injury induced by 5-S-CysDA ( Fig. 2A) , with 1 M being the most potent (90.1 ± 4.2%, p < 0.001). Pelargonidin (3 M) was also observed to be significantly protective, although to a lesser degree (34.2 ± 2.5%, p < 0.001). Significant protection against 5-S-CysDA-induced neuronal damage was also observed for (-)-epicatechin (0.1 to 3 M), the greatest degree of protection apparent at the 1 M concentration (46.7 ± 4.0%; p < 0.001) (Fig 2B) . Finally, a small but significant protection was also afforded by (+)-catechin, with the 300 nM concentration being the most protective (19.0 ± 5.0%; p < 0.05) (Fig 2C) . 
Inhibitory effect of flavonoids on LPS/IFN-γ-induced TNF-a release
Pelargonidin and the flavanols (+)-catechin and (-)-epicatechin (0.1-3.0 M) did not induce glial cell injury as assessed by the Alamar blue assay 24 h post exposure. Treatment of glial cells with LPS (1 g/mL) and IFN-␥ (10 ng/mL) for 24 h resulted in a significant increase in TNF-␣ production (p < 0.001, n = 6) (Fig. 3) . However, preincubation of glial cells with either (+)-catechin or (-)-epicatechin (0.1-3 M; 24 h), prior to LPS/IFN-␥ exposure, resulted in a significant decrease in medium TNF-␣ levels (Fig. 3A and B) . In contrast, pre-treatment with pelargonidin (0.1-3 M; 24 h) had no significant effect on LPS/IFN-␥-induced TNF-␣ release (Fig. 3C ).
Discussion
Abundant evidence exists to suggest that increased oxidative stress may contribute to the neuropathology of age-related brain disorders such as Alzheimer's and Parkinson's diseases [11, 21] . In this study, we show that 5-cysteinyl conjugates of dopamine possess a strong cytotoxicity towards primary cortical neurons. 5-S-CysDA, have been reported previously to be neurotoxic by inducing both oxidative DNA base modification and the activation of caspase-3 activity in neurons [20, 26] . Once formed, 5-S-CysDA may be further oxidised, yielding more complex conjugated species, such as DHBT-1 [24] , an event which may be accelerated in the presence of peroxynitrite [33] , a powerful oxidant and cytotoxic molecule formed from the reaction of nitric oxide (NO • ) with superoxide (O 2 -) [13] . Presence of such oxidant molecules may be the results of activation of the iNOS enzyme, an event triggered under neuro-inflammatory processes. Indeed, under inflammatory conditions, excess release of cytokines, such as TNF-␣, is a central event in glial-induced neurotoxicity. Such detrimental actions of TNF-␣ induced neurotoxicity have had been reported in neuronal models [19] , and are thought to be the result of the activation iNOS expression and the subsequent NO • release, thus enhancing its neurotoxic potential [15] . As a consequence, there has been much interest in the development of novel therapeutic agents that can selectively attenuate neurotoxins-induced toxicity.
Recent evidence from human, animal and cell studies suggest that flavonoids may exert neuroprotective effects [3, 8, 25] . In the brain, the potential actions of flavonoids on neurons will be influenced by interactions with both astrocytes and microglia, which occupy the majority of the brain volume and play a key role in the maintenance of neuronal integrity. In this study, we show that specific berry-derived flavonoids are capable of inhibiting glial activation and of reducing cysteinyl-dopamine neurotoxicity at physiologically achievable plasma concentrations (nanomolar). Whilst the three flavonoids tested (pelargonidin, (+)-catechin and (-)-epicatechin) were able to decrease the neuronal cell death in primary neurons challenged with CysDA, only the flavanols (+)-catechin and (-)-epicatechin were able to inhibit TNF-␣, production in LPS/IFN-␥-activated glial cells. Such protective effects may be the results of an inhibition of the inducible nitric oxide synthase (iNOS) in glial cells as reported previously for the flavanone naringenin [30] , or an activation of the detoxification enzymes such as the glutathione-S-transferase as observed previously in primary neurons in presence of (-)-epicatechin [4] . Action of such enzymes may decrease the neurotoxic potential of some molecules, as observed for quercetin where its neurotoxicity was significantly reduced by glial cell metabolism, notably by its conversion to 2 -glutathionyl quercetin [31] .
Although flavonoids have been reported to exert strong antioxidant effects in vitro, accumulating evidence suggests that dietary polyphenols may cross the blood brain barrier [2, 40] , accumulate in the brain at nanomolar concentrations [1, 2] and exert neuromodulatory effects through selective actions on different components of a number of protein kinase and lipid kinase signalling cascades, such as PI 3-kinase, Akt/PKB, tyrosine kinase, PKC and members of the MAP kinase family [23] . Modulation of these pathways may underlie the ability of berry-derived flavonoids to exert their protective effects, as previously reported for the flavan-3-ol, (-)-epicatechin, which has been observed to stimulate the phosphorylation of the transcription factor cAMP-response element binding protein (CREB), a regulator of neuronal viability and synaptic plasticity [22] . Moreover, both hesperetin and 5-nitro-hesperetin were also effective at preventing neuronal apoptosis via a mechanism involving the activation of both Akt/PKB and ERK1/2 [34] . Further research is required in order to establish the underlying mechanisms involving the neuroprotective effects of the berry-derived flavonoids. 
